The source system covering a working frequency range of 24 MHz to 70 MHz with a total maximum output power of 12 MW has already been fabricated for Ion Cyclotron Range of Frequency (ICRF) heating in EAST from 2012. There are two continuous wave (CW) antennas consisting of four launching elements each fed by a separate 1.5 MW transmitter. Due to the strong mutual coupling among the launching elements, the injection power for launching elements should be imbalance to keep the k || (parallel wave number) spectrum of the launcher symmetric for ICRF heating. Cross power induced by the mutual coupling will also induce many significant issues, such as an uncontrollable phase of currents in launching elements, high voltage standing wave ratio (VSWR), and impedance mismatching. It is necessary to develop a power compensation system for antennas to keep the power balance between the feed points. The power balance system consists of two significant parts: a decoupler and phase control. The decoupler helps to achieve ports isolation to make the differential phase controllable and compensate partly cross power. After that, the differential phase of 0 or π will keep the power balance of two feed points completely. The first power compensation system consisting of four decouplers was assembled and tested for the port B antenna at the working frequency of 35 MHz. With the application of the power compensation system, the power balance, phase feedback control, and voltage standing wave ratio (VSWR) had obviously been improved in the 2015 EAST campaign.
Introduction
The source system covering a working frequency range of 24 MHz to 70 MHz with a total maximum output power of 12 MW has already been fabricated for the Ion Cyclotron Range of Frequency (ICRF) heating in EAST. Eight 1.5 MW transmitters working in continuous wave (CW) mode are adopted to achieve the power capacity of the source system.
The ICRF system has been installed in EAST from 2012 consisting of two CW antennas. Each of them has four launching elements (straps) each fed by a separate 1.5 MW transmitter. The port B antenna consists of 2×2 launching elements to transmit RF power to the plasma bulk. The antenna is matched to the characteristic impedance of the system (50 Ω) to achieve power transmission with a low voltage standing wave ratio (VSWR) by using liquid triple stub tuners [1−7] , as shown in Fig. 1 . Due to the strong mutual coupling among the launching elements, the injection power for each launching element should be imbalance to keep the k || (parallel wave number) spectrum of the launcher symmetric for ICRF heating. The imbalance requirement of injection power, which means some of the transmitters cannot operate at full power, restricts the usage of them. Cross power induced by mutual coupling will also induce many significant issues, such as an uncontrollable phase of currents in launching elements, high VSWR, and impedance mismatching. It is necessary to develop a power compensation system for antennas to keep the power balance between the feed points to launching elements and suppress the adverse issues induced by cross power. The rest of this paper is organized as follows. In section 1, the issues about power imbalance and compensation method are illustrated briefly. In section 2, we discuss the design and adjustment of the power compensation system. The test of the power compensation system is presented in section 3, followed by a summarization of results in section 4.
Power imbalance and compensation
To illustrate such mutual coupling between two phased straps, a two-port network is used, as shown in Fig. 2 [8−10] . Referring to the theory of microwave network analysis, the currents (i 1 , i 2 ) flowing into feed points are given by the expression:
where the y 11 y 12 y 21 t 22 is the admittance matrix for the two-port network, and v 1 and v 2 are voltages at the feed points. Then the power flow for each port can be written as:
Assuming that the two-port network is symmetric, reciprocal, and lossless: y 12 = y 21 , y 11 = y 22 , and Re[y 12/21 ] compared with Im[y 12/21 ] is small enough to be ignored, which is true and controllable through tuning of feed lines for the antenna, then the power flow just consists of two parts:
Cross power induced by mutual coupling can be given by
where ∆ϕ 12,21 is the voltage differential phase between feed point 1 and 2. To achieve v 1 = v 2 and then i 1 = i 2 . the injection power at two feed points should be imbalance, and the differential power can be written as:
While ∆ϕ 12 is not equal to 0 or π, the power flows out from one port into another port due to mutual coupling that must induce high VSWR in one of two transmission lines. Unfortunately, high VSWR will limit the transmission efficiency of the system to a great extent because of the source protection system based on reflection coefficient measurement, which will trigger the cutoff of the signal generator with a high VSWR. Furthermore, the power imbalance makes the phase control very difficult. The capacitance coupling probes in feed lines are used to measure the differential phase of the standing wave for phase control in EAST. The differential phase measurement is closely related to the voltage standing wave distribution, which is influenced by the power phase of another feed port through mutual coupling.
To keep the power balance of two feed points, and separate them effectively, a device named "decoupler", characterized by an adjustable admittance [Y d ], is connected in parallel, as shown in Fig. 3 [4−6] . 
The power flows into the new two-port load are 
Power compensation system and adjustment
The decoupler device is the key for the power compensation system, which offers another power flow in the opposite direction between two feed points to achieve power balance. The decoupler with an adjustable admittance matrix can be implemented with a variety of configurations consisting of adjustable lumped or distributed adjustable components. The structure adopted in EAST is composed of 9 inch 50 Ohm coaxial lines, which includes two arms and an adjustable terminal-shorted coaxial tuner, as shown in Fig. 4 . Then the admittance matrix is easily derived from the above scattering matrix:
[Y ] = y 11 y 12 y 21 y 22
Fig . 5 shows the imaginary part of y 12,21 as a function of d and l, while the real part is equal to 0. The lengths of arm and tuner are normalized to one quarter wave length and the wave length, respectively. The location of the peak value moves along the normalized tuner length with a variable length of arm, which significantly offers a convenient method to control the mechanical structure for the assembly in a narrow space. Power imbalance can be restrained by keeping the differential phase of 0 or π, which is the normal value for ICRF heating. However, the phase control of two straps is impossible with the mutual coupling because the phases of standing wave in feed lines are used to estimate the differential phase of straps. The cross power distinctly influences the standing wave, and then makes the phase control logic-less. So the power balance system consists of two significant parts: decoupler and phase control. The decoupler helps to achieve ports isolation to make the differential phase controllable and compensate partly cross power. After that, the differential phase of 0 or π will keep the power balance between two feed points completely. The adjustment of the power compensation system is described as follows.
a. Ensure the symmetric configuration of antenna, and Re[y 12,21 ] = 0 or small enough which is closely related to the decoupler performance. The scattering matrix of two such feed points was measured by a network analyzer, and then the admittance matrix distribution along the transmission line was obtained. The assembly position is determined according to the value of Re[y 12,21 ].
b. The physical dimensions of the decoupler should be chosen carefully referring to Fig. 5 to suppress the limitation of assembly space and mechanical issues.
c. The tuner of the decoupler will be adjusted to minimize the value of coupling coefficient between two feed points in a vacuum, which should be compared to the theoretical analysis results to ensure the proper length of the tuner.
d. After installation of the decoupler, dozens of identical kilowatt source powers will be injected into two feed points to achieve the differential phase of 0 or π while the standing wave distribution should be detected to evaluate the power balance condition.
Experiment test
The typical working frequency for ion cyclotron resonance heating in EAST is 35 MHz, and the decouplers have been firstly assembled and tested for the port B antenna, as shown in Fig. 6 . As seen in the picture, the narrow space significantly enhances the challenges of design, installation, and adjustment of the decouplers. After adjustment work in a vacuum, the feedback control of a differential phase had been carried out with plasma. Fig. 7 shows the voltages at feed points to estimate the power compensation system performance with plasma. The differential phase of 90 o was used to determine the optimum position of the decoupler tuner with plasma. Fig. 7(b) shows that the tuning of the decoupler cannot completely achieve power balance due to the real parts of off-diagonal elements of admittance matrix [Y ] , which are induced by Ohmic loss in the decoupler and neglected in the above theoretic analysis. Nevertheless, it showed good performance compared to the situation without the decoupler, as shown in Fig. 7(b) and (c). By cooperating with differential phase control, the power compensation system works well for the port B antenna with the differential phase of 180 o , as shown in Fig. 7(a) . 
Summary
To ensure the symmetric k || spectrum of the ICRF launcher, the imbalance power flow fed into launching elements is necessary because of mutual magnetic coupling among the launching elements. What is more, many significant issues induced by such mutual coupling should be restricted, such as high VSWR, impedance mismatching, and an uncontrollable phase of currents in launching elements. The power compensation system consists of two significant parts: the decoupler and the phase control, which were firstly tested for the port B antenna in the 2015 EAST campaign.
Power balance, phase feedback control, and the voltage standing wave ratio were obviously improved after the power compensation. The encouraging results proved that the tuning algorithm and procedure of the power compensation system adopted in EAST were reasonable and effective.
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